Introduction
Optical coherence tomography (OCT) is a new technology for noninvasive cross-sectional imaging of tissue structure in biological system by directing a focused beam of light at the tissue to be image [Bouma et al., 1995; Jiang et al., 2005; Ryu et al., 2005] . The technique measures the optical pulse time delay and intensity of backscattered light using interferometry with broadband light sources or with frequency swept lasers. It is analogous to ultrasound imaging or radar, except that it uses light rather than sound or radio waves. In addition, unlike ultrasound, OCT does not require direct contact with the tissue being imaged. OCT depends on optical ranging; in other words, distances are measured by shining a beam of light onto the object, then recording the optical pulse time delay of light. Since the velocity of light is so high, it is not possible to directly measure the optical pulse time delay of reflections; therefore, a technique known as low-coherence interferometry compares reflected light from the biological tissue to that reflected from a reference path of known length. Different internal structures produce different time delays, and crosssectional images of the structures can be generated by scanning the incident optical beam. Earlier OCT systems typically required many seconds or minutes to generate a single OCT image of tissue structure, raising the likelihood of suffering from motion artifacts and patient discomfort during in vivo imaging. To counter such problems, techniques have been developed for scanning the reference arm mirror at sufficiently high speeds to enable realtime OCT imaging [Tearnery et al., 1997] . OCT can be used where excisional biopsy would be hazardous or impossible, such as imaging the retina, coronary arteries or nervous tissue. OCT has had the largest impact in ophthalmology where it can be used to create crosssectional images of retinal pathology with higher resolution than any other noninvasive imaging technique. Now a days OCT is a prospective technology which is used not only for ophthalmology but also for dermatology, dental as well as for the early detection of cancer in digestive organs. The wavelength range of the OCT light source is spread from the 0.8 to 1.6 m band. This spectral region is of particular interest for OCT because it penetrates deeply into biological tissue and permits spectrally resolved imaging of water absorption bands. In this spectral region, attenuation is minimum due to absorption and scattering. It should be noted that scattering decreases at longer wavelengths in proportion to 1/ 4 , indicating that the scattering magnitude at 0.8 ~ 1.6 m wavelengths is lower than at the visible wavelengths [Agrawal, 1995] . Ultrahigh-resolution OCT imaging in the spectral region from 0.8 to 1.6 m requires extremely broad bandwidths because longitudinal resolution depends on the coherence length. The coherence length is inversely proportional to the bandwidth and proportional to square of the light source center wavelength. This can be achieved by supercontinuum (SC) light using photonic crystal fibers. The ophthalmology and dermatology OCT imaging are done predominantly at near 0.8 m center wavelength [Bouma et al., 1995; Drexler et al., 1999; Ohmi et al., 2004; Pan et al., 1998; Welzel et al., 1997] . The dentistry OCT imaging is performed at 1.3 m wavelength [Boppart et al., 1998; Colston et al., 1998; Hartl et al., 2001; Herz et al., 2004] . Currently, it is reported that the OCT imaging at 1.5 ~ 1.6 m broadband light source can be readily applied to take images of human tooth samples [Lee et al., 2009] . On the other hand, telecommunication window (around 1.55 m) is the most attractive window in optical communication systems, dispersion compensation and nonlinear optics because of the minimum transmission loss of the fiber [Begum et al., 2007a [Begum et al., , 2007b [Begum et al., , 2009a . Photonic crystal fibers (PCFs) [Russel, 2003] , a pure silica core optical fibers with tiny air holes embedded in the host silica matrix running along the propagation axis, have boosted the fiber optic research due to their remarkable modal properties such as provide singlemode operation for very short operating wavelengths [Knight et al., 1996] , remain singlemode for large scale fibers [Knight et al., 1998 ], achieve high birefringence [Kaijage et al., 2000] , and controllable dispersion characteristics [Begum et al., 2009b] which cannot be achieved with conventional optical fibers. These fibers are also termed as microstructured fibers (MSFs) or microstructured optical fibers (MOFs). PCFs are dived into two categories according to the light confinement mechanisms: one is index-guiding or solid core fibers [Knight et al., 1996] and the other is photonic bandgap (PBG) or hollow core fibers [Couny et al., 2008] . Those with a solid core light can confine in a high-index core by modified total internal reflection which is same index guiding principle as conventional optical fibers. However, they can have a much higher effective-index contrast between core and cladding, and therefore can have much stronger confinement for applications in nonlinear optical devices, polarization maintaining fibers, etc. Alternatively, in PBG fibers where the light is confined in a lower index core by a photonic bandgap created by the microstructured cladding. The presence of air holes in the cladding gives rise to strong wavelength dependence of the cladding index which is primarily responsible for its magnificent characteristics. The extra degrees of freedom in PCFs facilitate a complete control on its properties such as ultraflattened dispersion and high negative dispersion. The precise control of geometrical parameters can provide ultraflattened dispersion in PCFs. PCFs are very attractive and efficient to produce high power light source in OCT system. Because PCFs can generate SC spectrum due to their design degree of freedom which make it possible to enhance the nonlinear effects by reducing effective area and tailor chromatic dispersion. As it is well known, the optical attenuation sources in PCFs include intrinsic losses due to Rayleigh scattering, imperfection losses due to the fabrication, and confinement losses caused by finite number of air holes in the cladding. Since the core has the same refractive index as the cladding, the guided mode is intrinsically leaky and experiences confinement losses. In fact, confinement losses occur even in the absence of the other two losses. By careful design, it is possible to reduce confinement losses to negligible values compared with the intrinsic losses. Control of chromatic dispersion keeping a low confinement loss to a level below the Rayleigh scattering limit is a very important for any optical system supporting ultrashort soliton pulse propagation [Agrawal, 1995] . In all cases, almost flattened fiber dispersion and low confinement loss behavior becomes a crucial issue. Although the resolution power of the currently available OCT machines are remarkable, they are not sufficiently high to unequivocally identify all retinal sublayers and make 'biopsy'-like diagnoses. Resolution is limited mainly by the bandwidth of the light source, www.intechopen.com usually a superluminescent diode (SLD) [Colston et al., 1998; Ryu et al., 2005] and increased resolution will require wider bandwidth light sources. The emergence of ultrabroad bandwidth femtosecond laser technology has allowed the development of an ultra-high resolution OCT [Boppart et al., 1998; Bouma et al., 1995; Drexler et al., 1999; Hartl et al., 2001; Herz et al., 2004; Jiang et al., 2005; Lee et al., 2009; Ohmi et al., 2004; Pan et al., 1998; Tearnery et al., 1997; Welzel et al., 1997] . The ultrahigh resolution OCT will in effect be a microscope capable of revealing certain histopathological aspects of macular disease in the living tissue. Femtosecond laser source is expensive than picosecond laser source and low incident power. Consequently, currently researchers are paying attention to develop picosecond light sources for using ultrahigh-resolution OCT system. Picosecond pulse laser source gives more narrow spectra than femtosecond laser source but since the laser source is cheaper in this case it attracts practical implementation. The ultrahigh resolution OCT will in effect be a microscope capable of revealing certain histopathological aspects of macular disease in the living tissue. In this work, we report a broadband SC generation in highly nonlinear photonic crystal fiber (HN-PCF) at center wavelength 0.8 m, 1.3 m and 1.55 m using high power picosecond pulses which can be applicable in ultrahigh-resolution OCT system for ophthalmology, dermatology and dental imaging. The proposed HN-PCF is investigated through a fullvector finite difference method with anisotropic perfectly matched layer. Through numerical simulation, it is demonstrated that it is possible to achieve different properties of the proposed HN-PCF. Based on the nonlinear Schrödinger equation, we find that the proposed HN-PCF, having four rings and two different sizes of air holes, can achieve SC spectrum with input picosecond pulses. We have further investigated the full width of half maximum of the generated SC spectrum of HN-PCF that can gives significant information on the longitudinal resolution in biological tissue by assuming coherent length. The achieved longitudinal resolutions in tissue are 0.97 m at 0.8 m for ophthalmology and dermatology, 0.85 m at 1.3 m for dental imaging and 1.1 m at 1.55 m also for dental imaging. To our knowledge, these are the highest resolution achieved in biological tissue to date at 0.8 m, 1.3 m and 1.55 m wavelength. Furthermore, numerical simulation result shown that it is possible to obtain ultra-flattened chromatic dispersion, low dispersion slope, high nonlinear coefficient and very low confinement loss, simultaneously from the proposed HN-PCF.
Proposed HN-PCF structure
Fig. 1 (a) shows the schematic cross section of the conventional PCF structure. This PCF consists of a triangular lattice of air holes where the core is defined by a missing air hole. The core diameter is 2a, where 'a' equals Λ-d/2. The air hole pitch is labeled Λ, and measures the period of the air hole structure (the distance between the centers of neighboring air holes). The air hole size is labeled d, and measures the diameter of the holes. The background material is regular silica with a cladding refractive index n = 1.45. Fig. 1 (b) shows the proposed HN-PCF structure. It has a pitch Λ, two air holes with diameters d 1 and d. The pitch constant is chosen to be Λ = 0.87 m, while the diameter of the air holes in the cladding of the fiber are d 1 = 0.46 m, d = 0.80 m, with a total number of 4 hole layers in the cladding. Designing HN-PCF for the OCT and telecommunication window using a conventional PCF structure is difficult: therefore, the dimensions of the first rings of the proposed HN-PCF are scaled downed to shape the dispersion characteristics. The dimensions of the other rings are retained sufficiently large for better field confinement.
www.intechopen.com Fig. 1(a) . Schematic cross section of the conventional PCF structure. Fig. 1(b) . The proposed HN-PCF structure.
Air hole Silica
This HN-PCF structure can provide ultra-flattened chromatic dispersion characteristics with very high nonlinearity, and low confinement loss for the OCT and telecommunication window. We analyzed the proposed HN-PCF with low confinement losses by modulating only dimension of the first rings, in order to simplify the structure and decrease the fabrication difficulties. In telecommunication widow, the parameters Λ = 0.79 m, d 1 = 0.28 m, d = 0.69 m, with a total number of 7 hole layers in the cladding are selected for achieving ultra-flattened chromatic dispersion characteristics, small effective area, and low confinement loss. In this case, 7 air hole layers are selected only for reducing confinement loss below 0.2 dB/km.
Numerical model
The situation in photonics is especially favorable for computation because the Maxwell equations are practically exact, the relevant material properties are well known, and the length scales are not too small. The results of such computations have consistently agreed with experiments. This makes it possible and preferable to optimize the design of photonic crystals on a computer, and then manufacture them. For this proposed HN-PCF structure, by using an accurate modal analysis based on a full-vector finite difference method (FDM) [Begum et al., 2011; Shen et al., 2003 ] with anisotropic perfectly matched boundary layers (PML), we evaluate the different properties of HN-PCF. The PML in fact is not a boundary condition, but an additional domain that absorbs the incident radiation waves without producing reflections. Once the effective refractive index n eff is obtained by solving an eigenvalue problem drawn from the Maxwell's equations using the FDM, the parameter chromatic dispersion D( ), confinement loss L c , effective area A eff and nonlinear coefficient can be calculated [Begum et al., 2011; Shen et al., 2003 ].
Chromatic dispersion
The group-velocity dispersion D( ) is defined as the change in pulse width per unit distance of propagation (i.e., ps/(nm.km). It means that D( ) causes a short pulse of light to spread in time as a result of different frequency components of the pulse traveling at different velocities. This can be calculated from following equation. Re
where, 1 and 2 are the propagation constant parameters, v g is the group velocity, is the operating wavelength in m, c is the velocity of the light in a vacuum, Re[n eff ] is the real part of the effective index. The corresponding dispersion slope S( ) is defined as
Since the total chromatic dispersion is the summation of material dispersion D m ( ) and waveguide dispersion D w ( ). The material dispersion quantified from the Sellmeier equation is directly included in the FDM calculation process. The reason for this is that D m ( ) is mostly determined by the wavelength dependence of the fiber material and for this reason it cannot be altered significantly in the engineering process. On the other hand, D w ( ), which is strongly dependent to the silica-air structure. Therefore, in our calculation chromatic dispersion D( ) [Begum et al., 2011; Shen et al., 2003] corresponds to the total dispersion of the PCFs.
Confinement loss
The attenuation caused by the waveguide geometry is called confinement loss L c . This is an additional form of loss that occurs in single-material fibers particularly in PCFs because they are usually made of pure silica and given by [Begum et al., 2011; Shen et al., 2003] 
where, k 0 is the propagation constant in free space, is the operating wavelength in m, and Im(n eff ) is the imaginary part of the complex effective index n eff .
Effective area
The effective area A eff is defined as follows [Begum et al., 2011; Shen et al., 2003] 
where, E is the electric field derived by solving Maxwell's equations. From this equation, it is seen that effective area A eff depends on the fiber parameters such as the mode field diameter and core-cladding index difference.
Nonlinear coefficient
In this research, silica is used as a background material for designing PCFs. Since silica can be treated as a homogeneous material, the lowest-order nonlinear coefficient is the thirdorder susceptibility χ (3) . Most of the nonlinear effects in optical fibers therefore originate from nonlinear refraction, a phenomenon that refers to the intensity dependence of the refractive index resulting from the contribution of χ (3) , i.e., the refractive index of the fiber becomes [Agrawal, 1995] 2 12
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where, n 1 is the linear refractive index which is responsible for material dispersion, 2 E is the optical intensity inside the fiber, n 2 is the nonlinear refractive index related to χ (3) by the following relation 
where, P is the incident light power and A eff is the effective area of the fiber. From nonlinear part of Eq. (5) and Eq. (7), we can write
From Eq. (8), it is clear that optical intensity inside the fiber E can be increased by two ways. One is by focusing the light tightly to reduced A eff and by increasing incident optical power. The nonlinear coefficient of PCFs depends on the value of nonlinear refractive index and the effective area of the PCFs. The nonlinear coefficient is calculated according to following equation [Agrawal, 1995] .
where, is the nonlinear coefficient, ω is the angular frequency, n 2 is the nonlinear refractive index, is the wavelength of the light, (n 2 /A eff ) is the nonlinear constant. It is possible to enhance the nonlinearity by reducing the effective area A eff through a smaller core diameter and increasing nonlinear refractive index of a material n 2 . This n 2 is constant and depending on the material of the fibers while is variable and varied from 2.2~3.4×10 -20 m 2 /W.
Nonlinear Schrödinger equation
Nonlinear Schrödinger equation (NLSE) is used for numerical calculation of SC spectrum [Agrawal, 1995] . The propagation equation Eq. (10) is a nonlinear partial differential equation that does not generally lend itself to analytic solutions when both the nonlinearity and the dispersion effect are present. A numerical approach is therefore often necessary for an understanding of the nonlinear effects in optical fibers. The split-step Fourier method is one of these, and is the most popular algorithm because of its good accuracy and relatively modest computing time [Agrawal, 1995] . 
where, A is the complex amplitude of the optical field, z is the propagation distance, is the attenuation constant of the fiber, T = t -z/v g (t is the physical time, v g is the group velocity at the center wavelength), is the nonlinear coefficient, λ c is the center wavelength, and T R is the slope of the Raman gain, n (n =1 to 3) are the n-th order propagation constant. This propagation constant (ω) is approximated by a few first terms of a Taylor series expansion about the carrier frequency ω 0 , that is 
The second order propagation constant 2 [ps 2 /km], accounts for the dispersion effects in fiber-optic communication systems. Depending on the sign of 2 , the dispersion region can www.intechopen.com be classified into two regions, normal dispersion region ( 2 >0) and anomalous dispersion region ( 2 < 0).
Coherence length
Coherence length l c is one of the important parameter in estimating the longitudinal resolution of the OCT source. The shorter the coherence length of the source, the more closely the sample and reference arm group delays must be matched for the constructive interference to occur. On the other word, we can say the combination of the reflected light from the sample arm (containing the item of the interest) and the reference light from the reference arm (usually a mirror) gives rise to an interference pattern but only if light from both arms traveled the same optical distance. The same optical distance means a difference of less than a coherence length. For a Gaussian spectrum the FWHM-duration of the coherence time t c is 4ln2
where, the half-power bandwidth v Δ represents the spectral bandwidth of the source in the optical frequency domain. Because of the backscattering configuration of OCT that the light travels back and forth in the interferometer, the coherence length l c (in air) is expressed by the formula [Bouma et al., 1995] 
Longitudinal resolution
The axial or longitudinal and lateral or transverse resolutions of OCT are decoupled from one another; the former being an equivalent to the coherence length l c of the light source and the latter being a function of the optics. After calculating coherence length l c , longitudinal resolution in air and biological tissue can be estimated by [Bouma et al., 1995] c r tissue
where, n tissue is the refractive index of the biological tissue. For ultrahigh-resolution OCT imaging l c should be low value because l r is proportional with l c . Fig. 2 , it is found that the proposed HN-PCF owning ultra-flattened chromatic dispersion and dispersion slope at 0.8 m are 0.55 ps/(nm.km) and 0.2 ps/(nm 2 .km), respectively. The nonlinear coefficient is larger than 208.0 [W . km] -1 at 0.8 m wavelength. Besides, the confinement loss is calculated and it is found that confinement loss is less than 10 -2 dB/km in the wavelength range of 0.75 m to 1.0 m which is lower than Rayleigh scattering loss in conventional fiber. Fig. 3 (a), (b) and (c) demonstrates the wavelength dependence properties of chromatic dispersion, confinement loss and effective area for the seven-rings HN-PCF in Fig. 1 , where d 1 = 0.28 m, d = 0.69 m, for a fixed pitch Λ = 0.79 m. In this case, it has been selected 7 air hole rings for reducing confinement loss lower than Rayleigh scattering loss in conventional fiber at 1.55 m. Numerical simulation results show that the 7-rings HN-PCF have nonlinear coefficients more than 54.0 [W . km] -1 and confinement loss lower than 0.1 dB/km at 1.55 m, ultra-flattened chromatic dispersion of -2.3 ps/(nm.km) at 1.55 m wavelength. SC generation in the proposed HN-PCF is numerically calculated which is shown in Fig. 4 (a) , (b) and (c). In Fig. 4 consider the propagation of the sech 2 (square of the hyperbolic-secant) waveform with the full width at half maximum (FWHM), T FWHM and Raman scattering parameter are 1.0 ps and 3.0 fs, respectively, through the proposed HN-PCF. The input power P in of the incident pulses are 18.0 W, 55.0 W and 58.0 W at 0.8 m, 1.3 m and 1.55 m, respectively. The propagation constant around the carrier frequency 2 and 3 are 1.88 ps 2 /km and 0.02 ps 3 /km, respectively for Fig. 4 (a) . Again, the propagation constant around the carrier frequency 2 and 3 are 2.55 ps 2 /km and -0.03 ps 3 /km, respectively for Fig. 4 (b) . Moreover, the propagation constant around the carrier frequency 2 and 3 are 1.51 ps 2 /km and 0.01 ps 3 /km, respectively for Fig. 4 (c) . The achieved fiber length is 10.0 m in all cases. The calculated SC spectrum FWHM bandwidth is 200 nm, 530 nm and 590 nm at center wavelength 0.8 m, 1.3 m and 1.55 m, respectively. From these results, it is evident that high quality SC spectrum is readily generated with relatively short fiber length and good incident power compared to the previously reported ones [Boppart et al., 1998; Bouma et al., 1995; Colston et al., 1998; Drexler et al., 1999; Hartl et al., 2001; Herz et al., 2004; Jiang et al., 2005; Lee et al., 2009; Ohmi et al., 2004; Pan et al., 1998; Ryu et al., 2005; Tearnery et al., 1997; Welzel et al., 1997] . Fig. 5 (a) , (b) and (c) represents the intensity spectra of the proposed HN-PCF at center wavelengths 0.8 m, 1.3 m and 1.55 m, respectively when changing incident optical powers. It should be noted that in this time, the fiber lengths are remain unchanged in all of the center wavelengths. From these figures, it is seen that intensity spectra are gradually broadening with increasing the input power, P in at the particular wavelength. Therefore, it is clearly seen that the SC spectral width is dependent to the incident power. Fig. 6 (a) , (b) and (c) represents the intensity spectra of the proposed HN-PCF at center wavelengths 0.8 m, 1.3 m and 1.55 m, respectively in different fiber lengths while incident optical powers are remain unchanged. From these figures, it is observed that intensity spectra are gradually broadening with increasing the fiber length, L F at the particular wavelength. So, it is noted that the SC spectral width is dependent to the fiber length. From Fig. 5 and 6 , it is clear that the SC spectral width is dependent to the incident power and fiber length as well. Fig. 7 (a) , (b) and (c) demonstrates the output powers of the proposed HN-PCF at center wavelengths 0.8 m, 1.3 m and 1.55 m, respectively when the fiber length is 10 m in all center wavelengths. From these figures, it is found that output powers are increased with increasing incident input powers at particular wavelength. [Ohmi et al., 2000] . These calculated l r value is better than that of Ref. [Boppart et al., 1998; Bouma et al., 1995; Colston et al., 1998; Drexler et al., 1999; Hartl et al., 2001; Herz et al., 2004; Jiang et al., 2005; Lee et al., 2009; Ohmi et al., 2004; Pan et al., 1998; Ryu et al., 2005; Tearnery et al., 1997; Welzel et al., 1997] The apparent advantages of our HN-PCF design are the facts that it simultaneously exhibits numerous optical properties such as flattened dispersion, low confinement loss, high nonlinearity at three central wavelengths 0.8 m, 1.3 m and 1.55 m. Moreover, one can take advantage of the different dispersion characteristics of the two different geometrical parameters to get one more degree of freedom for tailoring the generated SC spectrum. Furthermore, the proposed fiber can be used to make a fiber-based light source to generate SC in three different central wavelengths for ophthalmology, dermatology and dentistry OCT imaging application. Hence, the same fiber with three center wavelengths can be used in several OCT imaging and optical communication applications while exhibiting relatively good longitudinal resolution performance, high power, and in turn can pave the way for the compact, robust and cheap fiber-based OCT light sources. Therefore, picosecond pulse based PCFs are among the most specialized optical lightguides in the new optical fiber technology which is highly competitive compared to traditional laser designs.
Simulation results
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Conclusions
We have proposed broadband SC generated HN-PCF which can be used as a high power picoseconds pulses light source in ultrahigh-resolution OCT system for ophthalmology, dermatology and dental imaging. Moreover, it has been sent that this proposed HN-PCF would be applicable in optical communication. We achieved longitudinal resolutions in tissue are 0.97 m, 0.85 m and 1.1 m at center wavelength of 0.8 m, 1.3 m and 1.55 m, respectively. Furthermore, from numerical simulation results it was found that the proposed HN-PCFs have high nonlinear coefficients with ultra-flattened chromatic dispersion, low dispersion slopes, and very low confinement losses, simultaneously. The broad bandwidth of the light source permits high resolution for bright OCT imaging in the wavelength ranges from 0.8 m to 1.6 m. For the less number of geometrical parameters, this light source has the potential to be made compact, robust and cheap fiber-based OCT light sources and suitable for clinical applications. Consequently, the same proposed fiber can be used in different optical communication applications such as dispersion controlling, wavelength conversion, SC generation, optical parametric amplification, and so on.
Acknowledgement

